Study of the kinetics of the effect of KCI and NaCl on the genetic transformation process has shown that an activation of a 3min.-old DNAbacterial complex by 0.2 M-salt is responsible for a several-fold increase in the frequency of transformation. It is assumed that this is due to activation of a temperature-dependent metabolic process which is connected with the penetration of DNA into the competent cells. Studies of the kinetics of DNA penetration, by the addition of deoxyribonuclease as a function of time, in the presence and absence of the activating salts, indicate that competence is also a state of increased permeability to macromolecules. The activating effect of both sodium and potassium chlorides bears some relation to the stage of competence achieved and to the dilution or non-dilution of the receptor culture.
INTRODUCTION
Infection of the receptor cell by biologically active transforming deoxyribonucleic acid (DNA) in vitro may be prevented or decreased by a number of factors; a much more difficult task for the investigator is, however, to obtain a consistently high degree of infection which eventually would yield transformed progeny. This is because we still do not know the basic mechanism responsible for competence, that is, the ability of the receptor cell to fix DNA, and subsequently to become transformed. Provided there is a saturation concentration of DNA in the transformation system, the limiting factor which determines the number of transformants produced is the number of competent cells (Hotchkiss, 1954) . If then, at a saturation concentration of DNA, the addition of salts with monovalent cations (Na+, K' ; Kohoutovii, Kopeckti & KoniEek, 1965) yields a reproducible many-fold frequency of transformants, one may assume either that the salts participate in the reactions responsible for competence, or that they directly partake in the competent reaction.
On the basis of our earlier findings on the effect of Na+ and K+ and, to a lesser extent, of [NH,lf ions on transformation, it was suggested that the presence of positive cations might influence the electric potential of the wall of the receptor cell (Kohoutovii, 1958a, b) thus causing' a more effective interaction between the negatively charged molecule of DNA and the receptor cell which should also be negatively charged (Zamenhof, 1956) . It is also possible that monovalent cations may act as activators of an enzyme in the cell wall. Results are presented in the recent study by Barnhart & Herriott (1963) 
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M. KOHOUTOV~ or interaction of DNA with competent cells is probably ionic in nature, and that the irreversible uptake of DNA has a very specific charge-distribution requirement.
For irreversible uptake of DNA in HaemophiZus influenzae, Barnhart & Herriott found ionic optima which corresponded rather well with our earlier findings as well as with our latest findings, as will be shown in the results presented here. In the present work, a more thorough analysis of the kinetics of the effect of K+ and Na' on the competence of the receptor culture is attempted, with the object of revealing more fully the basic nature of competence, and thus of controlling those mechanisms which lead to infection of the receptor cell with transforming DNA.
METHODS
Most of the procedures and media used in the experiments were worked out originally in the laboratories of Dr H. Ephrussi-Taylor in Gif (France) and only some of them have been modified. D N A acceptor strain. Unencapsulated streptomycin-sensitive strain ( PMS 11), obtained from the virulent encapsulated form of Streptococcus paeumoniae type I1 (KohoutovA, 1958 a ) was used as the acceptor of transforming DNA.
Transforming DNA. DNA was isolated from a mutant of the PMS I1 strain resistant to streptomycin sulphate 2 mg./ml. The freshly subcultured plate culture of the mutant strain was first grown to the logarithmic phase of growth in P-medium (described below) with streptomycin sulphate 2 mg./ml. so as to obtain a pure streptomycin-resistant donor culture. This was then sulcultured first into a small and afterwards into a 10 times larger volume of the medium for isolation of DNA, as described by Ephrussi-Taylor (1951) . The method of isolation of transforming DNA followed the procedure used a t Gif. The DNA preparation was stored a t a high concentration in physiological saline at 4". Good biological activity was preserved even with preparations of DNA more than one year old. Saturating concentrations of DNA were used in all the experiments described here.
Transformation procedure. Single-colony cultures of the PMS I1 transformable strain were grown in P medium containing 1 yo Neopeptone (Difco), 0.85 yo NaCl, 0.8 % Difco yeast extract, 0.025 % glucose and a very small amount of defibrinated rabbit blood (Ephrussi-Taylor, 1951) . A sample (0.5 ml.) of the young culture, with the cocci still in chains, was transferred to 10 ml. of the transforming medium (the charcoal-adsorbed medium without beef extract-Ephrussi-Taylor, 1951) containing 0.2 yo (w/v) serum albumin (NS medium) so as to give 4 to 6 x los colony-forming units/ml.
To follow the appearance of competence and to find its peak, 0.1 ml. samples of the receptor culture were collected, from the 60th to 180th or 240th min. of growth in the transforming medium, into 1 ml. of pre-cooled NS medium, or into NS medium to which KC1 or other assayed salt had been added (usually in a final concentration of 0.2 M).
In the transforming assay itself 1 ml. of receptor culture, grown to maximal degree of competence and chilled for 3 min. in ice, was pipetted on to the precooled 0.1 ml. samples of DNA diluted in NS, or NS + KCl medium so as to give the appropriate final concentration of the salt added (0.2, 0.15, 0.1 M approximately). Cultures were then kept for 30 min. at 3 7 ' . Streptomycin-resistant transformants were scored by the technique of delayed selection in agar (Ephrussi-Taylor, 1958) . The plates were incubated for 2 hr at 37' in a complete agar medium to allow expression of the streptomycin-resistant phenotype and then overlaid with agar containing 200pg. streptomycin sulphate/ml. Assays were performed in duplicate or triplicate a t each dilution of the mixture tested, and each assay was repeated at least three times. A-A = 6 x lo6 colony-forming unitslml. NS medium; A-A = NS medium+0.2~-KCl; x -x = 1.2 x lo7 colonyforming unitslml. NS medium; @-@ = NS medium+0*2~-KCl.
M-KCI.

RESULTS
The eflect of KC1 on the course of competence Figure 1 shows the effect of KC1 when added in final concentration 0 . 2~ to the complete NS transformation medium. In the first cycle of competence the effect of KC1 was minimal and sometimes rather inhibitory, particularly in the declining phase of competence. In contrast, in the second cycle where, in the control, a rapid decrease in the number of transformants occurred in comparison with the first cycle, the effect of KC1 was always a stimulating one, producing as much as a tenfold increase in the frequency of transformants.
While much the same effect was produced by concentrations of 0.15, 0.1 and 214 M. KOHOUTOVA 0 * 0 2~, the 0 . 2~ concentration was most effective for the stimulation of transfor- Figure 2 shows that the size of the inoculum in the range of 3 x log, 6 x log and 1.2 x 107 colony-forming unitslml. of the inoculated transformation medium, under otherwise identical physiological conditions, had no influence on the course of competence in the presence of KC1. Again KC1 increased the number of transformants only in the second cycle of competence; in the first cycle it was rather inhibitory. However, in the actual transformation experiment when 1 mI. of receptor culture, previousIy chilled for 3 min. in ice, was added to ice-cooled test tubes with 0-1 ml. competence. 1 ml. of the receptor culture in its SOth, 120th, lSOth, and 230th min. of growth was chilled for 3 min. in ice, and added to ice-cooled test tubes with 0.1 ml.
samples of DNA diluted in NS medium or NS medium+ KCl, to obtain NS medium + O -~M , 0 . 1 5~ and O-~M-KCI. The peak of competence was a t the 90th min. of growth. 1 = NS medium alone; 2 = NS medium+O-2~-KCl; 3 = NS medium+plus 0-151a-KC1; 4 = NS medium+O-lM-KCI. Fig. 4 . Kinetics of the effect of KC1 as a function of time. 1 ml. of the receptor culture, grown to its maximal competence and then chilled for 3 min., was added to DNA in a series of identically prepared test tubes and immersed into a water bath a t 3 7 ' . Then KCl to 0 . 2~ was added to the 0, 3, 5, 10, 15, 20, and 30 min.-old DNA-bacterial complex and after 30 min. incubation (related to the time of immersion of the test tubes into the water bath) the test tubes were put into ice and cultures diluted suitably on plates.
specimens of DNA diluted in NS medium and NS +KCl, there always occurred a substantial increase in the number of transformants in the presence of KCI. The increase was observed irrespective of whether the receptor culture was taken before or after the peak of maximal competence: Figure 3 shows the number of transformants in 1 ml. of the receptor culture when the culture was taken at the 80th minute of growth, i.e. 10 min. before reaching the peak of competence. Alternatively, specimens were taken in the 120th, Moth, and the 230th minute, i.e. 30,90 and 140 min. beyond the peak of competence, and were added to the DNA diluted in the NS medium with 2-0, 1.5, and l . o~-K C l to give a final concentration of KCl 10 times lower. The relative increase in frequency of the transformants in 1 ml. of the receptor culture, as compared with the appropriate control culture in the NS medium without added KCI, was approximately 4-, 2 5 , 40-and 90-fold a t the respective times in the presence of 0.2~-KCl. It can be seen that the highest relative effect on the frequency of transformants was reached with Q.Zni-KC1 and all concentrations of KC1 were most effective a t the lower state of competence, i.e. when the recipient culture was used far beyond the state of maximal competence and when the frequency of the transformants in the NS medium was very low,
The effect of some other salts with monovalent and divalent cations, i.e. 0 . 2~-NaCl and NH,Cl and o*l~-CaCl,, was compared with the effect of 0*2~-KC1 on the frequency of transformants. The receptor culture a t its maximum competence was used. It was found that NaCl had a similar stimulating effect on the frequency as did KCl, while NH&l had a rather inhibitory effect. No transformants were found in the presence of 0.1 M -C~C~, (CaC1, a t 0.1 M caused a precipitate in the NS medium).
The kinetics oj'the effect of KC1
It was of interest to determine a t what moment of the transformation reaction the KC1 exhibited its stimulating effect on the frequency of transformants. For this purpose KC1 in final concentration 0.2M was added to 0, 3, 5, 10, 15,ZO and 30 min.-old DNA-bacterial complexes. Figure 4 represents the kinetics of the effect of KC1 as the function of time. The highest effect of KC1 was on the DNA-bacterial complex when 3min. old. From zero time to 3min. the effect of KCl increased, being followed by a rapid decrease afterwards; within 30 min. it had decreased to the value of its own control without KCl.
Figures 5a and b express the kinetics of DNA penetration into competent cells, with and without O.~M-KCI (Fig. 5a ), or NaCl (Fig. 5b) , assessed by adding pancreatic deoxyribonuclease at different times. It is evident that the number of transformants in 1 ml. gradually increased in both systems during the first 10 min. The increase in NS medium alone, however, was steeper than that observed with the NS medium containing O -~M -K C~ or NaCl. After 10 min., the competent state of the receptor cells was obviously terminated, since the DNase no longer influenced the penetrated DNA. Between 10 and 20 min. there was a steep increase in the number of transformants in the NS medium+KCl and NS medium+NaCl, to a value about 10-and 40-times higher (in two different experiments) than that observed in the NS medium without salts. This reaction seemed to be completed in 30 min.
The question arises whether KC1 and NaCl inhibit the sorption of DNA to the competent cell, since this might have caused the lowering of the frequency of transformants in the first 10 min. of uptake of DNA, in comparison with the control without salts added. Figure 6 gives the results of an experiment to examine this. Instead of ending the penetration of DNA by adding DNase, a 100-to IOOO-fold dilution of the DNA-bacterial complex was used to end the competence of the receptor culture in the given time span. It can be seen that in the first 3 min. of uptake of DNA the course of both curves was similar, in the presence of KC1 the frequency being somewhat higher. But after 3min. there occurred a striking stimulation of the transformation process in the presence of KC1 in comparison with the control without KC1; then both curves again followed a similar course. There was no inhibition of adsorption of DNA to the competent cells in the presence of salts. In a similar assay done at 30" instead of 37" there was no activation of the transformation process by KCI. Time (min.) Time (min.) Time (min.) Figs. 5a, b. Kinetics of the effect of KC1 and NaCl on the penetration of DNA into the competent cells, assessed by means of DNase. Into a series of identically prepared test tubes with DNA, either in NS medium or NS medium with KCI or N a C l ( 0 -2~ final), to which 1 ml. of competent receptor culture was given, DNase was added at zero time, i.e. just before the test tubes with the DNA-bacterial complex were immersed into the water bath a t 3 7 O and then after 1,2,3,5,10,15,20, and 30 min. of incubation. After a further incubation of 1 min. with the added DNase, the cultures were put into ice and, after proper dilution, plated as described in Methods. Fig. 6 . Kinetics of the effect of KCI on the penetration of DNA into competent cells by means of dilution of the DNA-bacterial complex. The assay was performed in the same way as indicated for Fig. 5 . Instead of adding DNase the respective test tubes were put into ice a t the given times, the cultures were diluted 100-to 1000-fold to end the competence of the receptor cultures and then plated as described in Methods.
DISCUSSION
The results presented here indicate that the effect of KCl and NaCl is optimal at a time when the conditions for competence are unfavourable (Fig. 3) , rather than at the peak of competence. Activation of this type is also pronounced in the second cycle of competence (Fig. 1) when the receptor cells can no longer go through a second high-competence cycle. Thus by adding KC1 or NaCl to O .~M , a process is activated which normally proceeds by itself, but with very low efficiency.
The effect of OOZM-KC~ or NaCl added to the transformation medium at intervals during the progress of the transformation reaction is most intense when the DNA-bacterial complexes are 2-3 min. old (Fig. 4) . This would suggest that these salts do not act at the period in which the maximum adsorption of DNA to cell receptors takes place, but rather at the period of maximum penetration and fixation of DNA by the competent cells. The effect of KCl decreases rapidly when added to DNA-bacterial complexes older than 3min., though the competent state under our experimental conditions lasted for 10 min. The need to add KC1 or NaCl in the first 3 min. and for a temperature of 37" to obtain activation of the transformation process, in addition to the effects mentioned above, suggest that K f and Na' ions participate as activators of a metabolic process which goes on in, or on, the receptor cell and lasts for only 3 min., but is responsible for 10 to 100 times higher frequency of transformants than can be obtained in the control without KCl or NaCI. Lerman & Tolmach (1957) found that the frequency of transformants was directly proportional to the amount of DNA incorporated, similar results were obtained by Fox (1957) . One may therefore deduce that the several-fold increase in the frequency of transformants found in the present work was due to an increase in the irreversible fixation of DNA by some not yet well understood mechanism.
The results presented in Fig. 5 a and b show that, in the presence of O -~M -K C~ or NaCl (which produce a hypertonic solution when added at this concentration to the complete transforming medium), the DNase added to the DNA-bacterial complex may enter the competent cells along with DNA (Thomas, 1955) , because in the first 10 min. in the medium with KCl a substantially lower frequency was obtained than in the control without salt. But when the DNase is added to a 10 min-old DNAbacterial complex, after termination of the competent state when it can no longer affect the DNA which has already penetrated, a tenfold increase of transformants was found in comparison with the control without KC1; a 40-fold increase with NaCl was obtained in another experiment. It is likely that the hypertonic medium stabilizes the transient, presumptively protoplastic state of the dividing competent receptor cells (Thomas, 1955; Spizizen, 1958 Spizizen, ,1959 Kaiser & Hognes, 1960) and thus increases the amount of penetrated macromolecules, including DNA and DNase.
The lower frequency of transformants obtained in the first 10 min. of the transformation process in the presence of KCl or NaCl is difficult to interpret in any other way. The objection might be raised here that DNA is adsorbed to the receptor cell more slowly in the presence of added salt. The results in Fig. 6 , where no DNase was given to the system to stop penetration of excess DNA but a 100-to 1000-fold dilution of the DNA-bacterial complex was used instead to end the competent state, are not consistent with such an assumption. The objection that DNase might be more active in the presence of salt cannot be maintained since these salts actually inhibit DNase activity (Kohoutovti, 1962 ; Kopeckti & Kohoutovh, to be published).
The question remains open why there was no activation, but rather an inhibition, of the transformation yield in the first cycle of competence on diluting the receptor culture with the transformation medium containing DNA and salts. At the same time, activation by salts was observed when the diluting medium was added just after 30min. of incubation of the DNA-bacterial complex had elapsed. If the recipients went through the second cycle of competence at a time when the population density of the receptor culture increased many times, an increase in transformation yield was observed even with a diluted receptor culture. With the undiluted culture the salts activated the process at any stage of the achieved competence.
This would suggest that K+ and Na' stimulate the transformation process, provided that the so-called competent state is not affected by dilution. This implies that it might be a question of the quantitative relations between substrate and enzyme during contact of DNA with the competent culture.
A possible alternative explanation of our findings might be the effect of ions on DNase. Ottolenghi & Hotchkiss (1962) showed that filtrates of young Pneumococcus cultures contained small quantities of DNase which brought about a loss of capacity of the ageing culture to carry out transformation by added DNA. In our laboratories analogous results have been obtained. Small amounts of DNase are produced by the receptor culture long before the peak of the competence is achieved (Kohoutovii, to be published). There is some evidence (Kohoutovh, 1960) that DNase a t an optimum low concentration, assured by the presence of suitable inhibitors, participates actively in the transformation reaction. Thus salts, apart from the functions already discussed, might inhibit the DNase which is produced in excess by the growing culture and so substantially help to increase the frequency of transformants, even in cultures with an orginally low competence. On the other hand, they might act as inhibitors if there were a suboptimum concentration following dilution of receptor culture from the first cycle of competence. The inhibitory action of KC1 or NACl on DNase should support our finding that 0*005~-sodium citrate had a very similar, although somewhat lower effect than KC1 or NaCl, on the frequency of transformants in the second cycle of competence.
The author wishes to acknowledge the technical assistance of Mrs Helena M&lkov&.
